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Hexagonal boron nitride (hBN), a remarkable material with a two-dimensional atomic crystal
structure, has the potential to fabricate heterostructures with unusual properties. We perform first-
principles calculations to determine whether intercalated metal atoms and vacancies can mediate
interfacial coupling and influence the structural and electronic properties of the graphene/hBN
heterostructure. Metal impurity atoms (Li, K, Cr, Mn, Co, and Cu), acting as extrinsic defects
between the graphene and hBN sheets, produce n-doped graphene. We also consider intrinsic
vacancy defects and find that a boron monovacancy in hBN acts as a magnetic dopant for graphene,
whereas a nitrogen monovacancy in hBN serves as a nonmagnetic dopant for graphene. In contrast,
the smallest triangular vacancy defects in hBN are unlikely to result in significant changes in the
electronic transport of graphene. Our findings reveal that an hBN layer with some vacancies or metal
impurities enhances the interlayer coupling in the graphene/hBN heterostructure with respect to
charge doping and electron scattering.
PACS numbers: 81.05.ue, 73.22.Pr, 73.20.Hb
I. INTRODUCTION
Silica (SiO2) is the most commonly used substrate for
graphene-based devices, and while it offers many ad-
vantages, there are also several drawbacks. Graphene
supported on SiO2 exhibits an electron mobility that is
10 times lower than that of the structure suspended in
vacuum1,2, owing to the interfacial charge impurities,3,4
surface roughness,5–7 and surface optical phonons3,8 of
the silica substrate. Further, the roughness of the
silica surface results in nanometer-scale ripples5,7,9 in
graphene.
Hexagonal boron nitride (hBN) is a III-V compound
similar to graphite and consists of equal numbers of boron
and nitrogen atoms; it is a chemically and thermally
stable dielectric material with an optical band gap of
∼6 eV.10 Since graphene devices on hBN have a much
higher carrier mobility11 than devices on SiO2, the lack
of surface dangling bonds, small roughness, and slight
lattice mismatch12 with graphene mean that high-quality
graphene devices could be realized using a few-layer hBN
film as an insulating substrate.
Monolayer hBN, also known as “white graphene,”
can be peeled off from bulk hBN by mechanical
cleavage,11,13,14 although chemical vapor deposition
(CVD) is generally used to produce large-area hBN
sheets.15,16 Recently, a graphene monolayer was directly
grown on a CVD-grown hBN film17; the monololayer
grown in this manner enabled superior electronic proper-
ties as compared to those in the case of graphene trans-
ferred to the hBN film. However, growing hBN sheets
via CVD leads to the introduction of native defects.18,19
More recently, van der Waals (vdW) heterostructures,
comprising graphene and other two-dimensional atomic
crystals such as hBN, MoS2, and WS2, have been pro-
duced and examined in this emerging research field of
condensed matter physics.20 These heterostructures are
expected to show new physics. Although the vdW
interaction is much weaker than covalent bonding, it
is sufficiently strong to maintain the stacking of two-
dimensional atomic crystals. Thin hBN layers can serve,
not only as good substrates, but also as protective cov-
ers for graphene.21 Another attractive topic is the ver-
tical devices or tunneling heterostructures composed of
graphene and few-layer-thick crystals of hBN or transi-
tion metal dichalcogenide.22,23 These devices constitute
a new type of electronic devices. The interfacial coupling
in the vdW heterostructures could be enhanced through
different phenomena, for instance, interfacial contamina-
tion by adsorbates and native defects20. At such a con-
taminated interface, localized gap states originating from
the vacancies or intercalated metal atoms could cause
electronic scattering near the Fermi level (Ef ) of the
graphene sheet.
In this paper, we report a first-principles study of the
structural and electronic properties of a graphene/hBN
heterostructure containing defects. We consider metal
impurity atoms on the hBN sheet as extrinsic defects
and vacancies in hBN as intrinsic defects. The electronic
structure is calculated to determine the energies of the
defect states; the results show that the interlayer coupling
is enhanced in the presence of the defects. The defect-
mediated interfacial coupling leads to residual electronic
scattering in graphene/hBN heterostructures containing
defects such as vacancies and adsorbed impurity atoms.
This in turn may be the origin of charge doping and
residual electronic scattering in graphene.
2FIG. 1. (Color online) (a) Atomic structure of a
graphene/hBN heterostructure and (b) the density of states of
our model structure. Black, red, and blue spheres denote car-
bon, boron, and nitrogen atoms, respectively, and the dotted
circle represents the position of the intercalated metal atom.
II. COMPUTATIONAL DETAILS
We adopted the vdW-corrected density functional the-
ory (DFT) calculations of the Vienna ab-initio simula-
tion package (VASP)24 to investigate the structural, elec-
tronic, and magnetic properties of a graphene/hBN het-
erostructure. To examine the effects of an impurity metal
atom, we included a Li, K, Cr, Mn, Co, or Cu atom be-
tween the hBN and graphene sheets in our model. To
examine the Coulomb interaction and/or the orbital hy-
bridization of the intercalated atom, we introduced metal
atoms (Li, K, Cr, Mn, Co, and Cu). The ionic or cova-
lent bonding can enhance the interlayer coupling between
graphene and hBN. In particular, an alkali metal, such
as Li and K, can easily donate an electron to the sheets.
We compared the Li and K atoms with regard to the
dependence of the metal atom radius on the deforma-
tion and the amount of donated charge. Because of the
presence of d orbitals, 3d transition metal atoms may
have strong coupling to the graphene and hBN layers.
In addition, as the transition metal atoms may cause a
spin magnetic moment, we considered Cr, Mn, and Co
atoms as magnetic dopants. Copper surfaces have been
used for the CVD growth of graphene and hBN sheets.
If the Cu atoms or nanoclusters are not completely re-
moved from the hBN or graphene sheet after the growth,
the graphene/hBN heterostructure may contain copper
impurity atom(s) at the interface. Thus, we also consid-
ered Cu as an impurity. During the CVD growth of the
hBN sheet, monovacancies and triangular defect struc-
tures such as VB+3N and VN+3B defects can be formed
19
[VB+3N (VN+3B) is a multi-vacancy in which one nitrogen
(boron) and three boron (nitrogen) atoms are missing].
Thus, we considered four different vacancy structures in
hBN: a single boron vacancy (VB); a single nitrogen va-
cancy (VN ); and the two triangular vacancies, VN+3B and
VB+3N .
Our supercell was an orthorhombic cell containing a
graphene sheet and an hBN sheet. The cell size was 17.18
× 14.96 × 25.00 A˚3, with the vacuum region being about
22 A˚ thick. All the model systems were relaxed until the
residual atomic forces were less than 0.02 eV·A˚−1. To de-
scribe the interaction between the electrons and ions, we
used the generalized gradient approximation (GGA) with
a functional form proposed in Ref.25 within the projector-
augmented wave (PAW) method.26 An energy cutoff of
400 eV and a Γ-centered 3 × 3 × 1 k-point sampling
were employed to calculate the total energy and to ob-
tain fully relaxed geometries. We used a grid of 6 × 6 × 1
k-points to plot the density of states and charge densities.
The vdW interaction was also considered to precisely de-
scribe the structural properties between the two layers.
In the calculations, we made a correction of the vdW in-
teraction between the metal impurity and the two sheets,
using Grimme’s DFT+D2 method.27 The large Coulomb
repulsion of the localized d and f electrons may not be
well represented by a conventional DFT functional. To
correctly describe the localization characteristics of 3d
orbitals, a Hubbard U term was added to the DFT func-
tional (i.e., the GGA+U method).
III. RESULTS AND DISCUSSION
A. Extrinsic defects: intercalated metal atoms
We consider the most stable stacking configuration
among three inequivalent configurations12,28 in the ab-
sence of any defects [Figure 1(a)]. The most stable struc-
ture is realized with Bernal (AB) stacking of the hBN and
graphene sheets, in a manner similar to that of graphite,
where the nitrogen atom is located above the center of
the graphene hexagons, as shown in Figure 1(a). In
the fully optimized (commensurate) configuration, the
distance between the nearest-neighbor atoms is 1.44 A˚,
which is close to the average carbon–carbon distance in
graphene (1.42 A˚) and B–N distance in the BN sheet
(1.45 A˚); the distance between the graphene and hBN
sheets is 3.09 A˚. The adatoms were initially placed in
the center of the two layers (hBN and graphene) at the
position indicated by the dotted circle in Figure 1(a).
The impurity atom is on top of a nitrogen (boron) atom
at site A (B), while it is at a hollow site of the hBN layer
at site C.
3FIG. 2. (Color online) Optimized geometries containing (a)
Li, (b) K, (c) Cr, (d) Mn, (e) Co, and (f) Cu impurity atoms
sandwiched between the graphene and hBN sheets.
The densities of states (DOS) of our model in the ab-
sence of an impurity metal atom is shown in Figure 1(b);
the Fermi level is set to zero. The thick solid black line
represents the total DOS, while the dashed gray and
solid red lines denote the projected densities of states
(PDOS) of graphene and hBN, respectively. The overall
features of the two PDOS are similar to those of their
free-standing equivalents. However, the hBN monolayer
has a small DOS, between −1.5 and −1.0 eV, owing to
the hybridization between the graphene and hBN layers.
Thus, the band gap seems to have decreased.
All the impurity metal atoms energetically prefer site
A, which means that the metal atoms are likely to bind
to a nitrogen atom in the hBN sheet. Table I shows the
intercalation energies (in eV) of the three adsorption sites
for each impurity atom, defined by
Eint = E[graphene/M/hBN]−E[graphene/hBN]−E[M ],
(1)
where M represents the metal atom. The negative (pos-
itive) sign represents an exothermic (endothermic) pro-
cess. For Li, the energies for intercalation are almost the
same at both sites B and C. This is also ≈0.8 eV higher
than the energy at site A. For 3d transition metals, sites
B and C need 1–2 eV higher energies for intercalation
than those for site A. Although the hBN sheet is severely
deformed, the structure of the graphene sheet does not
change significantly except for a K impurity atom. For
TABLE I. Intercalation energies (eV) of the metal-atom-
sandwiched graphene/hBN structures.
Li K Cr Mn Co Cu
site A −2.48 −0.17 −0.98 −1.08 −2.58 −1.37
site B −1.67 +0.02 −0.05 +0.01 −1.72 −0.58
site C −1.66 +0.01 +0.02 −0.02 −1.32 −0.56
FIG. 3. (Color online) Projected densities of states of the
structures containing (a) Cr, (b) Mn, (c) Co, and (d) Cu
impurity atoms depending on U − J of the 3d orbitals.
K-doping, the B–N bond lengths near the impurity atom
increase by a maximum of ∼2.8%. Such deformation is
responsible for the lowest intercalation energy (−0.17 eV)
for site A. In addition, unlike Li and K, transition metals
only cause a slight change in the graphene/hBN struc-
ture. The stronger Coulomb attraction between a posi-
tively charged metal ion and the electron-doped graphene
sheet prevents deformation of the graphene. In contrast,
the permanent dipoles of the B–N bonds in the hBN
sheet and the lower electron doping result in a weaker at-
tractive force between the hBN sheet and the metal ion,
leading to significant deformation of hBN. The impurity
atoms between the graphene and hBN sheets could be de-
tected and mapped by atomic force microscopy (AFM)
and atomic force acoustic microscopy (AFAM) when such
severe deformation occurs, as shown in Figure 2(b). It
is possible to observe the deformation of the graphene
layer caused by the intercalated atom using AFM. Us-
ing AFAM, which is sensitive to the tip-sample contact
stiffness, mapping of the contact stiffness could reveal a
change near the impurity between graphene and hBN.
Inserting Li or K between the two layers shifts the
4Fermi level to a higher energy. According to the results
of a Bader charge analysis, almost one whole electron of
the alkali impurity atom is donated to the graphene and
hBN sheets, and most of the charge prefers to move to the
graphene. For Li, 0.83 e is transferred to the graphene
and 0.17 e to hBN. For K, on the other hand, 0.77 e
moves to graphene and 0.03 e to hBN. Since the impurity
atom is charged, it forms a long-range Coulomb potential,
which can cause weak carrier scattering.29 For 3d tran-
sition metal impurities (Cr, Mn, Co, or Cu), strong or-
bital hybridization with the two sheets, as well as charge
transfer, play crucial roles in modifying the electronic and
magnetic properties of the graphene/metal atom/hBN
sandwich structure. In this case, a short-range potential
due to the covalent bonds can have intenser effects.30,31
To understand the effects of the localization character-
istics of the 3d electrons in the transition metal impurity,
we consider U − J values of 0, 2, and 4 eV. As listed in
Table II, the electron donations of the 3d transition metal
atoms depend on the U − J values. As U − J increases,
the amount of donated electron decreases slightlyfor the
Cr and Cu atoms. Electron configurations of Cr and
Cu are [Ar]3d54s1 and [Ar]3d104s1, respectively. This
observation implies that the localization of the 3d elec-
trons prevents the electron donation from the impurity
atom to the sheets. In contrast, the amount of donated
electron increases slightly for the Co atom ([Ar]3d74s2)
with increasing U−J values. On the other, the Mn atom
([Ar]3d54s2) does not exhibit any monotonic change with
increasing U − J values. For the spin magnetic moment,
all the transition metal atoms that we consider show in-
creasing magnetic moments as U − J increases.
Figure 3 shows the total DOS of the sandwich struc-
tures and the PDOS for each value of U−J . For U−J = 0
eV, except in the case of the Cu impurity, the 3d states of
the transition metals with majority spin lie between −2
and −1 eV. The Mn and Co atoms, in particular, have
strong peaks very close to Ef for the spin-down electron.
In addition, the Co atom gives rise to magnetic impurity
states. These results are similar to those previously re-
ported for Mn and Co adsorption on graphene.32,38 Near
the Fermi level, the PDOS of Co originates mainly from
the dyz orbital, while that of Mn originates from the
dxz + dyz orbitals. As U − J increases, the occupied
3d states move deeper inside the valence band. Since
TABLE II. Electrons (in units of e) donated by the transition
metal atoms and the spin magnetic moments (in units of µB)
of the graphene/metal atom/hBN sandwich structures.
U − J Li K Cr Mn Co Cu
donated 0 eV 1.00 0.80 1.18 1.16 0.66 0.67
electrons 2 eV · · 1.12 1.20 0.70 0.64
4 eV · · 1.05 1.16 0.70 0.61
spin 0 eV 0.00 0.00 3.80 3.07 1.25 0.00
magnetic 2 eV · · 4.18 3.68 1.33 0.00
moment 4 eV · · 4.40 3.95 1.86 0.00
the 3d orbitals of the Cu atom are fully occupied, the
PDOS of the occupied 3d states is not shown in the en-
ergy range from −2 to +2 eV, regardless of the value
of U − J , although ∼0.7 e is donated to the graphene
and hBN sheets. A further increase in U − J does not
significantly change the electron transfer, but the spin
magnetic moments of the structures containing Cr, Mn,
and Co increase.
B. Intrinsic defects: vacancies in hBN
Defects within the hBN sheet itself affect the electronic
properties in a different manner. Figure 4(a) shows that
when the structure contains a boron monovacancy (VB),
the three neighboring nitrogen atoms around VB move
slightly to strengthen the bonds with the neighboring
boron atoms. Compared to the B–N bond length (1.44
A˚) at sites far from VB , those adjacent to VB are shorter
(1.39–1.41 A˚).
If we assume that the neighboring N atoms form an
equilateral triangle, then their dangling bonds (φ1, φ2,
and φ3) can be weakly coupled and produce three lo-
calized energy eigenstates (ψ1, ψ2, and ψ3). φ denotes
electronic states of dangling bonds. In spite of the dis-
connection of pi electrons of three N atoms, their energy
levels are not much affected by the vacancy. This is not
surprising since pi electrons are localized at the N sites
in a perfect hBN. In the case of the VN defect, however,
the lowest unoccupied level is composed of pi electrons
at the B site. Thus, both pi and σ electrons should be
considered as gap states:
ψ1 =
1√
3
(φ1 + φ2 + φ3) ,
ψ2 =
1√
6
(2φ1 − φ2 − φ3) ,
ψ3 =
1√
2
(φ2 − φ3) .
(2)
Here, ψ1 is the lowest-energy defect state, and ψ2 and
ψ3 are degenerate states with a higher energy. It has
been reported33–35 that the VB defect lowers its symme-
try from D3h to C2v via the Jahn–Teller distortion, and
therefore, the degeneracy disappears and an energy split-
ting of the occupied degenerate defect states occurs.
Figures 4(b) and 4(c) show that VB produces four lo-
calized defect states: A, B, B′, and A′. State B is located
at Ef but it has σ-bonding characteristics. Therefore,
this state has negligible hybridization with the graphene
states with pi-bonding characteristics. States B′ and A′
are around +1 eV in the conduction band. The local-
ized states B and B′ would be at the same energy level if
there were no interaction between the graphene and hBN
sheets. Because of an exchange splitting of ∼1 eV, the
spin-degenerate state (ψ2) is separated into two. Thus,
the partial charge densities of state B for the spin-up
electron and state B′ for the spin-down electron have the
practically identical shape. Electron transfer takes place
from graphene to hBN, and the Fermi level decreases in
energy.33,36 Our Bader charge analysis also supports elec-
tron donation (∼0.5 e) from graphene to hBN. In fact,
5FIG. 4. (Color online) (a) Optimized structure of a
graphene/hBN heterostructure containing a VB defect. The
red dotted circle indicates the position of the single boron va-
cancy. (b) Density of states of the structure in (a). (c) Partial
charge densities for states B, B′, and A′. (d) Schematics of
the energy levels of the defect states in the band gap of the
hBN sheet induced by VB in the dilute defect limit. Filled
and empty circles represent fully occupied and partially oc-
cupied levels, respectively, for the spin-up electron. Both the
conduction band (CB) and valence band (VB) have been la-
beled; σ indicates σ-bonded electrons. In (d), ∆Ex stands for
exchange splitting.
the spin magnetic moment of ∼1.5 µB induced by VB
is associated with this electron transfer. According to
Huang et al.,35 the spin magnetic moment induced by
VB is 1.0 µB in the absence of graphene. In the ab-
sence of the graphene monolayer, we found that there
FIG. 5. (Color online) (a) Optimized structure of a
graphene/hBN heterostructure containing a VN defect. The
blue dotted circle indicates the position of the single nitrogen
vacancy. (b) Density of states of the structure in (a). (c)
Partial charge densities for states C and D. (d) Schematics of
the energy levels of the defect states in the band gap of the
hBN sheet induced by VN . The filled circle represents a fully
occupied level for the spin-up electron. Both the conduction
band (CB) and valence band (VB) have been labeled; σ and
pi indicates σ- and pi-bonded electrons, respectively. In (d),
∆Ex stands for exchange splitting.
were one and two unoccupied defect levels of the spin-up
and spin-down electrons, respectively, above the valence
band maximum (VBM) of hBN, which have σ-bonding
characteristics, as shown in Figure 4(d).37 In the pres-
ence of the interaction with graphene, the charge (∼0.5
e) transferred from graphene increases the spin magnetic
6moment (1.0 µB → 1.5 µB) in hBN and account for the
partially occupied state B and the two unoccupied de-
fect levels that correspond to states B′ and A′ in Figure
4. The lowest defect state ψ1 in Eq. (2) is located inside
the valence band (state A), while ψ3 corresponds to state
A′.
In the case of a nitrogen monovacancy (VN ), the B–
N bonds around VB have shorter lengths of 1.41 A˚, and
in contrast to VB, VN does not produce a spin magnetic
moment. For a bare hBN sheet, VN has a total spin
magnetic moment of 1 µB. Since about one electron is
donated from hBN to graphene, the Fermi level increases
in energy and graphene becomes n-doped. Interestingly,
the electron transfer cancels the spin magnetic moment.
Three localized states can be distinguished clearly in the
DOS: one around Ef and two around 1.4 eV that are
nearly degenerate. This is reflected in the large differ-
ence in the peaks C and D of the PDOS. Since the VN
defect preserves the symmetry of D3h and the energy de-
generacy is not broken,35 state C corresponds to ψ1 and
state D to a linear combination of ψ2 and ψ3. In the ab-
sence of graphene, one spin-up level with pi-bonding char-
acteristics is occupied and one spin-down level with pi-
bonding characteristics is unoccupied owing to exchange
splitting, as shown in Figure 5(d).37 However, electron
transfer from hBN to graphene results in the occupied
spin-up level becoming unoccupied. These two energy
levels for spin-up and spin-down are related to peak C in
Figure 5(b). Therefore, state C with pi-bonding charac-
teristics hybridizes with the graphene states, as shown in
Figure 5(c), and could influence the electron transport in
graphene as a scatterer.
We now turn our attention to two smallest triangular
defect structures: VB+3N and VN+3B . After geometry
optimization, the distance between two boron atoms in
VB+3N decreases to 1.94 A˚ [Figure 6(a)], whereas the sur-
rounding B–N bonds become slightly weaker and their
lengths increase to 1.50 A˚. The geometrical structure of
the hBN sheet in the graphene/hBN heterostructure is
very similar to that of a free-standing hBN sheet in the
case of a VB+3N vacancy.
39,40 For the VN+3B defect, in
contrast, the distance between two nitrogen atoms de-
creases to 1.65 A˚, as displayed in Figure 6(b), and the sur-
rounding B–N bonds become slightly weaker, increasing
in length to 1.52 A˚. The DOS in Figure 6(c) shows that
the VB+3N defect creates a localized state, correspond-
ing to peak E, deep inside the conduction band, which
is a bonding state of the three boron pairs, as shown in
the partial charge density in Figure 6(e). The VN+3B de-
fect induces one localized state (F) in the valence band
and two localized states (G and H) in the conduction
band. State F is an antibonding state of the three ni-
trogen pairs. The DOS in Figure 6(d) shows that peak
G is broader than peak H, indicating that state G has
a stronger interaction with the graphene states, which is
in agreement with the partial charge densities in Figure
6(f). Both of our model structures for the VB+3N and
VN+3B defects are spin-unpolarized, and notably, there
FIG. 6. (Color online) Optimized structure of a
graphene/hBN heterostructure containing (a) a VB+3N defect
and (b) a VB+3N defect. Dotted circles indicate the defect po-
sitions. (c) and (d) Density of states of the structures in (a)
and (b), respectively. (e) Partial charge densities for state E
in (c). (f) Partial charge densities for states F, G, and H in
(d).
are no dangling bonds in these triangular defects after the
geometry reconstruction. In addition, the defect states
(states E to H) are relatively far from Ef , which is in
sharp contrast to the monovacancy cases; VB and VN re-
sult in the deep levels B and C, respectively, which are
close to Ef .
IV. CONCLUSIONS
The electrical properties of graphene may be extremely
sensitive to the environment. Therefore, any exter-
nal contamination easily degrades the conductance of
graphene. Although tremendous efforts have been made
to prevent contamination at the interfaces, it is very dif-
ficult to completely remove the contamination. In the
present study, we have studied the influence of extrin-
sic defects, such as metal impurities, or intrinsic defects,
such as vacancies, on the structural and electronic prop-
erties of the graphene/hBN heterostructure. We found
that a single boron (nitrogen) vacancy in the hBN layer
creates p-doped (n-doped) graphene and that metal atom
impurities may increase the energy of the Fermi level of
7graphene. Boron and nitrogen monovacancies as well as
Mn and Co impurity atoms produce deep levels due to
gap states (near the Fermi level). In contrast, VB+3N
and VN+3B defects are expected to contribute less than
monovacancies (VB and VN ) to electronic scattering in
the deposited graphene since their localized defect states
are quite far from Ef . Consequently, the graphene/hBN
system with extrinsic contamination or intrinsic vacancy
defects could exhibit poor performance since the imper-
fections impair the electrical conductivity due to residual
scattering in applications such as field effect transistors.
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